Abstract. The effects of laterally homogeneous mantle electrical conductivity have been included in steady. Using an extensive set of precise geodetic measurements, we have developed a detailed picture of present-day deformation rates in southern California. This large set of measurements, amounting to nearly 2000 repeated distance measurements over the period 1973 to 1991, comes from the U.S. Geological Survey's Geodolite trilateration program, involving their combined Anza, Joshua Tree, and Salton networks. Building on previous results from these data, we are able to present the deformation field as estimates of the rate of horizontal strain accumulation in small four-station subnetworks of the overall 89-station network. Using thls technique, the spatial details of the 18-year average strain rate field can be determined. By correlating these spatial details with the tectonics of the region we are able to understand better how deformation is partitioned across this highly complex margin between the Pacific and North American tectonic plates. Some of the more interesting findings of this study are that (1) the vast majority of strain rate estimates show a pattern of nearly pure shear as would be expected in a transcurrent environment, (2) the fastest accumulation of surface strain in southern California is along the San Jacinto Fault west of the Salton Sea, not along the San Andreas Fault, (3) strain accumulation rate along the length of the.San Jacinto Fault increases toward the southeast as the fault enters the Imperial Valley, (4) a large area near the southern end of the Salton Sea, where the San Andreas Fault meets the Brawley Seismic Zone, is undergoing areal dilatation, which is in part consistent with the formation of crust at a spreading center, and (5) deformation at the transition zone between the San Andreas Fault and the Eastern California Shear Zone also appears to be the result of crustal spreading.
Introduction
During the past 20 years the U.S. Geological Survey (USGS) has made thousands of point-to-point distance measurements using Geodolite electronic distance measurement (EDM) equipment along the active margin between the North American and Pacific plates [Savage, 1983] . Much of our knowledge about present-day crustal deformation in the western United States comes from this large set of measurements. Numerous studies covering deformation in southern California have used these data, including Savage et al. Savage, 1983] . Also of interest is simply identifying which of the many parallel faults in southern California are accumulating the majority of the strain and whether the amount of strain accumulation shows any variability along the length of the faults, possibly suggesting preferred locations for future earthquakes. Lisowski et al. [1991] presented the deformation field as a plot of the velocity of each geodetic station. This technique results in a good visual representation of the deformation field as a whole but makes it rather difficult to understand the local details since the differences between neighboring station velocities must be mentally estimated and visualized. There is also the complication that the velocity field is not uniquely determined from the trilateration data since the Geodolite measurements are not tied to an external reference frame. (Lisowski et al. [1991] remove this ambiguity by minimizing the velocity components in each large EDM network in a direction perpendicular to the direction of maximum shear strain rate in that network.) If instead, the deformation field is presented in terms of the strain rate in many small subnetworks, there is no ambiguity to remove (because strain estimates do not require an external reference frame) and spatial details are a natural by-product. Of course, the uncertainty in the strain rate estimates in each subnetwork will depend on the amount of data available, so there is a trade-off in the accuracy of the estimates as the size of the subnetworks (number of stations involved) is reduced. Only because the Geodolite data are of such high, and uniform, quality and span such a long time period is it possible to recover the details of the strain rate field in this manner. Savage and Prescott [1973] discuss in detail the field techniques used and the measurement accuracy attained by the Geodolite program. Effectively, the point-to-point slope distance between two geodetic markers is determined by measuring the time of flight of a modulated laser beam. To convert this time into a distance, the average index of refraction along the beam path is determined through a combination of end point measurements of atmospheric pressure and temperature and humidity profiles taken along the beam path measured from an aircraft. The slope distance is measured several times over the course of a few hours, and an average value is determined. Savage et al. [1986] estimate that the uncertainty in any individual measurement is given by 2 a,2.)+(b 2 b,2.)L 2, 
Method
Several techniques are available to estimate the horizontal strain rate tensor from geodetic measurements. Broadly speaking there are two ways in which to proceed and a The third method for determining the strain rate tensor from geodetic measurements simultaneously determines the coordinates of the stations and the strain rate tensor which best fits the time change of those coordinates [Bibby, 1973 [Bibby, , 1975 Snay and Cline, 1980; Bibby, 1981 Bibby, , 1982 . By combining the coordinate and strain rate tensor estimations into a single procedure, Bibby [1982] shows that we retain the interstation spacing involved. Whether the network used is large or small, the methods described here will return the spatially averaged strain rate estimate. The second assumption is that the accumulation of strain is uniform from survey to survey. In this study we use the entire 18-year span of measurements to estimate a single strain rate for each subnetwork and so make an even stronger assumption that this rate was constant over the whole 18-year period. Again, each method considered will return the best average strain rate estimate whether this assumption is valid or not. Savage et al. [1986] show that the data used here are consistent with linear strain accumulation, and we use this result in our calculations below.
The best way to satisfy both of these assumptions would be to process the Geodolite data in the smallest possible subnetworks over the shortest possible time spans. However, when the data are broken up in this manner there are not enough measurements to produce robust strain rate estimates. As stated above, we resolve this problem by using the full 18-year span of data to determine a single average strain rate value. Even with this temporal averaging we found when the data are restricted to subnetworks of three stations each (the minimum number to determine all components of the horizontal strain rate tensor), the strain rate estimates have unacceptably large uncertainties. The strain simultaneous reduction method for this study simply to rate uncertainties proved to be significantly smaller for have it available for future projects.
four-station networks, and so all results in this study are for Whatever method is used to estimate the strain rate ten-this configuration. sor from the geodetic measurements, two important Once the strain rate tensor has been estimated, we assumptions come into play. First, all techniques assume require a way to plot this on a map to understand the that the deformation taking place within the network, or results. The style we use follows the USGS convention of subnetwork, is spatially uniform. As the size of a subnet-representing the principal strain rate tensor by four arrows work becomes smaller, this approximation becomes better, emanating from the center of the subnetwork. As an exambut even when the smallest possible strain-rate-determining ple, the inset in Figure 7 shows the representations for pure subnetwork of three Geodolite stations is considered, the shear (equal and opposite linear strain at 45 ø to the shear) spatial extent is still of the order of 10 km because of the and positive areal dilatation. -40  •  •  •  •  •  •  •  •  •   72  74  76  78  80  82  84  86  88  90  92 Date of survey 
23,957
Geodolite Data
Organization of Data
The following section describes the steps taken before using the G½odolit½ data to calculate the horizontal strain rate tensors. We discuss our handling of the earthquakes which occurred during the 18-year span of measurements, steps taken to deal with "defects" in the geometry of some of the subnetworks used, and other details. In addition, we analyze the data as a whole to produce independent esti- lines and then to remove these modeled offsets from the data. This procedure often turns out to be a bit circular since in many cases these same Geodolite data have been used by other researchers to estimate the coseismic faultslip distributions in the first place. Instead, using the assumption that strain accumulates linearly in time as discussed in the previous section, we chose to determine the best fitting offset at the time of the earthquake for each individual line affected by the earthquake (i.e., those near the epicenter). These offsets are then subtracted from the original line length data and a "reduced" set of measurements is created. Great care must be taken to ensure that the offsets determined in this way are reasonable by checking that the pattern of offsets makes sense with respect to the known faulting. Largely, this was done using forward modeling with an elastic dislocation code to assure ourselves that each offset was plausible. We have tried to be conservative in our approach, and have fit for coseismic offsets only on those lines which clearly have been disturbed by the earthquakes. Effects from a total of seven earthquakes were removed by this process section of the fault. We have fit for these two sets of offsets in the raw line length data in the same manner as for the seven large earthquakes discussed above. Since the aim of this paper is to better understand the accumulation of interseismic strain, these earthquakerelated offsets are an unwanted complexity. However, the assumptions made here identify such anomalies well; for other researchers who may be studying these events in detail, our offset estimates are tabulated by Johnson [1993] .
Besides these earthquake related offsets, we found only one Geodolite station, near the town of Anza, which clearly was affected by "something. In each case, due to the stable geology of the nearby areas and the lack of any active faults, we believe that the assumption of negligible relative displacement is reasonable.
Error Estimates
As discussed in the introduction, Savage et al. [1986] suggest that the overall uncertainty in an individual Geodolite measurement can be represented by equation (1) . The results turn out to be nearly identical in each case, and so we present only the least squares results.) As evident in Figure 3 , the data are bunched in time at approximately yearly intervals because the field crew would typically resurvey the southern California networks all at once during the winter months. What is important here is that the yearly residuals are often offset from zero and do not extend evenly above and below zero; this is a manifestation of the systematic errors due to miscalibrations in the meteorological and EDM gear. (It is also possible, though highly unlikely, that these "scale" errors from year-to-year are due to region-wide areal extensions and contractions.)
To estimate the systematic error terms for each of the surveys, we plot the residuals for one survey versus their line length, as in Figure 4 for the 1978 survey, and estimate the slope and intercept of a linear fit using a least squares technique. By repeating this process on each of the other yearly surveys we determine the estimates of systematic error shown in Table 1 . These 38 data taken together suggest that a.,, is well described by a normally distributed ran- . We therefore feel justified in removing these 10 points before the best fitting constant error and length-dependent error terms are determined. (These 10 data points come from lines which are randomly distributed throughout the overall network and are not concentrated in any one geographic area. They have not been used when estimating the random error terms below, but the lines from which these points are derived have not been removed from the data.) We find the best estimate for a r to be 3.8 mm and the best estimate for b r to be 0.16 ppm.
Savage et al.
[1986] estimate these terms as 3 mm and 0.14 ppm. As with the systematic error terms above, we find that our value for the constant term is slightly larger than previous estimates, while the length-dependent terms agree quite well.
Since we have removed the systematic error sources from our final reduced data to the best of our ability, we are left with only the random component of error to assign to each of the individual Geodolite measurements.
We have therefore used equation (1) 
Change in Strain Rate Along the San Jacinto Fault
As shown in Figure 7 , the largest strain rates in the southern California region occur along the San Jacinto Fault southwest of the Salton Sea (a close-up view of this area is shown in Figure 13 ). There is a gap in the geodetic coverage for about 30 km to the northwest along this fault, where the network again crosses the fault both south and west of Palm Springs (see Figure 19 for a close-up) . The strain rates in these second two regions are about two thirds as large as the strain rates in the Imperial Valley area. This can be seen more clearly in Figure 14 where the faultparallel shear strain rate is plotted along the length of the San Jacinto Fault. Only those subnetworks which are directly above the San Jacinto are included in Figure Another possibility is that the amount of slip along the length of the San Jacinto is approximately the same, and it is only the depth at which this slip occurs that changes. To demonstrate how this works, we resort to a very simple model of strike-slip fault behavior; we assume Earth is a purely elastic half-space with an infinitely long, straight fault embedded in it, which is locked from the surface to a depth of H kilometers and slips at a steady rate of S meters per year below this depth. For this model the rate of engineering shear strain at the surface is 
where angle brackets indicate the spatial average. If we assume that the rate of slip along the San Jacinto fault is constant for its entire length and that it is occurring below about 10 km on the northwest segments (as suggested by the seismicity in the bottom panel of Figure 14) and use a subnetwork width of 20 km, we can then determine an effective locking depth for the southeast portion of the fault. We find the locking depth must be about half as deep on this segment, or 5 km, to explain the observed twothirds discrepancy in shear strain rate. The seismicity in Figure 14 shows this to be a reasonable possibility: the seismogenic depth progressively shallows to the southeast in this plot (see also Sanders and Kanamori [1984] ). Finally, we observe that the strain rates along the entire length of the Elsinore Fault are relatively small (Figures 13  and 19 ). This can also be seen in the shear strain rate profile plots (Figures 9-12 ) where these subnetworks tend to hover at about 0.1 #rad yr -•. In addition, the seismicity along the Elsinore Fault is quite diffuse (Figure 1 ) and usually extends all the way to the surface. The fact that the seismicity is shallow, combined with the low strain rates, allows us to infer that the interseismic slip rate on the fault must also be very low (using equation (3)). The only exception to this low strain rate can be seen at the far left in Figures 9 and 19 where the deformation in one subnetwork is about 0.3 #rad yr -•. This subnetwork is in an area which was monitored about half as often as the main body of the network, which explains the large error bars. In addition, two of the line length plots between these four stations show a nonlinear accumulation of deformation (as previously mentioned in the data section of this paper). This
